Locoregional treatment while on the waiting list for liver transplantation (Ltx) for hepatocellular carcinoma (HCC) has been shown to improve survival. However, the effect of treatment type has not been investigated. We investigate the effect of locoregional treatment type on survival after Ltx for HCC. We investigated patients registered in the European Liver Transplant Registry database using multivariate Cox regression survival analysis. . Adjusting for factors related to prognosis, disease severity, and tumor aggressiveness, RFA was highly beneficial for overall and HCC-specific survival. The effect may represent a selection of patients with favorable tumor biology; however, the treatment may be effective per se by halting tumor progression. Clinicaltrials.gov number: NCT02995096.
SUMMARY
Locoregional treatment while on the waiting list for liver transplantation (Ltx) for hepatocellular carcinoma (HCC) has been shown to improve survival. However, the effect of treatment type has not been investigated. We investigate the effect of locoregional treatment type on survival after Ltx for HCC. We investigated patients registered in the European Liver Transplant Registry database using multivariate Cox regression survival analysis. . Adjusting for factors related to prognosis, disease severity, and tumor aggressiveness, RFA was highly beneficial for overall and HCC-specific survival. The effect may represent a selection of patients with favorable tumor biology; however, the treatment may be effective per se by halting tumor progression. Clinicaltrials.gov number: NCT02995096.
Introduction
In patients awaiting liver transplantation (Ltx) for hepatocellular carcinoma (HCC), disease burden may progress beyond transplantation criteria while on the waiting list. Model for End-Stage Liver Disease (MELD) exception points were introduced to alleviate dropouts due to tumor progression [1] . In addition, locoregional treatments may be used to prevent progression during waiting time [2] [3] [4] or to downstage patients initially outside transplantation criteria [5, 6] .
Response to locoregional treatment is correlated with improved recurrence-free survival after Ltx [7] , suggesting it to be a surrogate marker of tumor aggressiveness that may be used to select patients with acceptable outcome after Ltx [8] . This is supported by studies where patients downstaged from being outside transplantation criteria have similar survival to patients inside criteria [5, 6] .
Locoregional treatments may halt tumor progression. However, an induction of the immune system may also explain the improved prognosis [9] [10] [11] . Investigating this, smaller observational studies have not shown convincing evidence of benefit from locoregional treatments [12] [13] [14] [15] [16] . Conversely, intention-to-treat studies following patients from listing and including dropouts suggested a benefit [5, 6] .
Whether locoregional treatments are beneficial or merely mirror selection of patients with favorable tumor biology has not been fully elucidated. While this study, with only data on transplanted patients, does not account for dropouts, the large sample size representing general clinical practice may elucidate important factors such as the importance of the type of locoregional treatment.
The aim was to investigate the impact of locoregional treatment including types of treatment before liver transplantation for HCC on survival and HCC-specific survival in a large cohort from the European Liver Transplant Registry (ELTR).
Methods
Reporting of this study complied with the guidelines laid out in the STROBE statement [17] . Prior to performing data analyses, a protocol was registered at clinicaltrials.gov (ID NCT02995096). This was a retrospective cohort study using register-based data recorded in the ELTR database. This database is comprised of information from 172 liver transplantation centers across Europe, each reporting local data preand post-transplantation in patients undergoing Ltx. No data were recorded for patients who dropped out from the waiting list. The database contains information on donor, recipient, locoregional treatments before transplantation, immunosuppression, pathology from the explanted liver, underlying liver disease, presence of cirrhosis in addition to HCC, time of death, and cause of death. Data are electronically reported to the central ELTR database from each center.
We included patients registered for transplant in ELTR from 1990 to November 2016 due to HCC. Participants with information on locoregional treatments were included. Locoregional treatment was defined as localized treatment for the HCC tumor(s) to downstage or prevent progression outside criteria while on the waiting list.
The outcomes were 5-year overall survival and HCCspecific survival after transplantation. Exposures were locoregional treatment (yes/no), locoregional treatment types [radiofrequency ablation (RFA) as monotherapy, transarterial chemoembolization (TACE) as monotherapy, resection as monotherapy, other treatment as monotherapy, RFA + TACE, RFA + TACE + other, other combinations] and number of locoregional treatments (0, 1, 2, 3 or more).
We used a multiple imputation model with fully conditional specification and five imputations due to missing data on covariates. The model included number of nodules, size of largest nodule, vascular invasion, time on waiting list, cirrhosis, age, gender, and MELD-score. Before and after imputation, the distribution and mean values for variables were comparable. All analyses were repeated with 50 imputations instead of five, which did not change the magnitude of the estimates.
Univariate Cox regression models were used to evaluate association between locoregional treatment and 5-year survival as well as 5-year HCC-specific survival from the time of Ltx. These were reported as hazards ratios (HR) and 95% confidence intervals (CI). Outcome data and follow-up time for these analyses were censored after 5 years. To test the independent effect of locoregional treatment, multivariate models were carried out for each exposure variable and adjusted for the plausible confounders of gender, age, time on waiting list, number of nodules, maximum size of nodules, vascular invasion (micro, macro, or none), cirrhosis, and MELD score. We checked the proportional hazards assumption for covariates with log-minus-log plots with the natural logarithm of follow-up time. For the continuous variables (time on waiting list, number of nodules, maximum size of nodules, MELD score), the linear effect was evaluated by including the second-order polynomial of the variables in the model. No deviation from linearity was found. To test for a change in effect over time, we included an interaction term between the locoregional treatment yes/no variable and a categorical variable with four periods (1990-1996, 1997-2003, 2004-2009, and 2010-2016) in the multivariate COX regression model. Five-year overall and HCC-specific survival were analyzed as cumulative survival with a 95% CI using Kaplan-Meier statistics, and groups were compared with a log-rank test. The Mann-Whitney U-test was used to analyze continuous data that were not normally distributed, and a chi-square test or Fisher's exact test was used to evaluate nominal data. Using the Reverse Kaplan-Meier method, we reported the median followup time with interquartile range (IQR) [18] . We used IBM SPSS STATISTICS version 23, with statistical significance defined as P ≤ 0.05.
Results

Patient characteristics
From 23 124 patients transplanted for HCC in the ELTR, 4978 patient records had data on locoregional treatments (Table 1 ). Patients excluded due to missing data on locoregional treatments were comparable to the included patients with respect to age, gender, number of nodules, size of largest nodule, vascular invasion, MELD score, and cirrhosis (Table S1 ). The majority (71.8%) of the included patients received locoregional treatment and 85.2% of these received just one treatment. Only 1.5% received three or more treatments. TACE was most common treatment (59.1%), followed by RFA (18.0%).
Time on waiting list was longer for patients receiving locoregional treatment (median 118 vs. 49 days, P < 0.001, Mann-Whitney U-test). This difference remained significant when stratified by size of largest nodule (>5 cm and ≤5 cm). In addition, fewer patients had vascular invasion (P = 0.003, Fisher's exact test), and the average MELD score was lower in the locoregional treatment group (median 10.1 vs. 12.2, P > 0.001, Mann-Whitney U-test). However, the groups were comparable with regard to being inside the Milan criteria (40.6% vs. 42.7%, P = 0.20, chi-square test).
Locoregional treatment
The 5-year overall survival rate was 69.7% [67. 7-71.7] for patients receiving locoregional treatment compared with 65.8% [62.5-69.1] for patients not receiving treatment (P < 0.001, Log-rank test) (Tables 2 and 3) . Locoregional treatment was significantly associated with improved prognosis for 5-year overall and HCC-specific survival in univariate analyses and the estimates remained largely unchanged and significant in multivariate analyses (Tables 2 and 3 ). We found no significant interaction between the year of transplantation and locoregional treatment, suggesting that the effects were comparable throughout the study period.
Locoregional treatment types
The 5-year overall survival rate was 80.9% (77.3-84.7) for patients treated with RFA, 67.6% (65.1-70.2) for TACE treatment, and 51.3% (40.5-62.1) for resection compared with 65.8% (62.5-69.1) for patients not receiving locoregional treatment. Regarding treatment type (Tables 2 and 3 The differences in survival between types of locoregional treatment are shown in Fig. 1 . The median follow-up time was 26 months (IQR, 7-60 months) with no treatment; 44 months (IQR 16-60 months) with RFA; 38 months (IQR, 13-60 months) with TACE, 35 months (IQR, 12-60 months) with resection; and 33 months (IQR, 11-60 months) for other treatments, including combination treatments.
Number of treatments
In univariate analysis, two treatments showed stronger association with improved survival than one treatment. However, three or more treatments showed no association. These estimates remained unchanged in multivariate analysis (Tables 2 and 3 ). 
Cirrhosis versus noncirrhosis
The distribution of types of locoregional treatment was significantly different between patients with and without cirrhosis (P < 0.001, chi-square test 
Vascular invasion
The effect of locoregional treatment was stronger for patients with micro-or macrovascular invasion [HR 
Discussion
Adjusted for disease severity, the present study showed that locoregional treatment with RFA was associated with improved overall and disease-specific survival. To a lesser extent, the combination of RFA and TACE was also beneficial. Subgroup analyses showed that the effect was stronger for patients with vascular invasion. Moreover, patients with extensive disease still experienced improved outcomes from RFA. Previous studies have shown that locoregional treatment may successfully downstage patients to be inside Milan criteria and improve survival following liver transplantation [5, 6, 16, 19, 20] . Two intention-to-treat studies have been conducted in which patients were followed since listing for transplantation [5, 6] . In one study, 118 patients scheduled for downstaging treatment with TACE/RFA were compared with 488 patients within the Milan T2 criteria at the time of listing [5] . Downstaging was successful in 65.3% of the cases and 54.2% received Ltx. The 5-year survival rate was 56.1% for all patients receiving downstaging treatment vs. 63.3% for patients meeting the T2 Milan criteria (P = 0.29). Among the patients proceeding to Ltx, the 5-year survival rate was 77.8% in the downstaging groups and 81% in the Milan T2 group (P = 0.69). In 40.6% of patients receiving downstaging, there was no residual tumor in explant pathology. In another study, 129 patients inside Milan criteria were compared with 48 patients outside the criteria receiving downstaging treatment; the results showed comparable transplantation rates and intention-to-treat survival between the groups [6] .
A direct effect of the locoregional treatments may be induction of the immune system to produce a response toward the tumor, causing a reduction in tumor size, as well as halting progression. In one study, RFA induced stimulation of natural killer cells, demonstrating a benefit to recurrence-free survival among patients with the largest response [11] . Moreover, in another study, the antigen-specific response from T cells was enhanced in 31 patients with HCC receiving locoregional treatments [10] . Lastly, at least one study has shown that the extent of necrosis induced by locoregional treatment was associated with cell-mediated tumor rejection and clinical response [9] . In a clinical study, 101 patients randomized to TACE or transarterial embolization (TAE) had comparable response, progression-free survival, and overall survival. Thus, questioning the additional benefit of local chemotherapy for these patients besides the effect induces by ischemia [21] .
Surprisingly, patients in a downstaging study had extremely low rates of microvascular invasion in explant pathology (1.6% vs. 18.6% for all patients receiving locoregional treatment in the present study) [5] . Moreover, in the present study, vascular invasion was less common among patients receiving locoregional treatment. Thus, while intention-to-treat studies suggest an effect of locoregional treatments per se [5, 6] , these treatments may also select patients with favorable tumor biology. Patients with progression-free waiting time after TACE had a lower risk of recurrence, possibly related to less aggressive tumors [7] . This may be illustrated by the longer time on the waiting list for patients receiving locoregional treatment in the present study. Thus, one may argue that transplantation should be limited to patients without progression after locoregional treatment. In fact, selection on this basis may be superior to selecting based on the Milan criteria [7] , as those guidelines may exclude patients outside criteria with favorable tumor biology. This is supported by comparable outcomes between downstaged patients and patients inside Milan criteria [5, 6] . Correspondingly, we show that an indirect measure of tumor aggressiveness (vascular invasion) may be a superior prognostic marker compared with the Milan criteria (unpublished data).
Our results suggest that resection was associated with reduced overall survival compared with no treatment. Randomized controlled trials comparing RFA and resection as primary treatment for patients with small HCC [22] and HCC within Milan criteria [23] agree that resection is the superior treatment. Therefore, despite adjusting for tumor characteristics, our results may be a result of selection bias, where patients with large tumors, and thus a worse prognosis, are limited to surgical resection. This is the first study to compare RFA, TACE, and other locoregional treatment types on a large scale and to show that RFA may be superior. It is a pan-European study, with many centers reflecting general clinical practice with a broad external validity. An important limitation is that we could not account for patients dropping out from the waiting list; thus, only transplanted patients were evaluated. Whereas approximately 7% will drop out while on the waiting list due to tumor progression [4] , the included patients may represent a selective sample, presumably including more patients with favorable tumor biology. With longer time on waiting list and less vascular invasion, the locoregional treatment group may have a higher proportion of patients with favorable tumor biology and, thus, good response to treatment or stable disease, allowing subsequent transplantation. Unfortunately, response to locoregional treatment was not included in the ELTR, posing another limitation. With a considerable amount of missing data, we had information on locoregional treatments for only 4978 of 23 124 patients transplanted for HCC in the study period. This was a result of locoregional data not being included in the ELTR questionnaire before [2007] [2008] . Thus, these data may not reflect the true picture of the whole population; however, the two populations were comparable with respect to prognostic variables. Lastly, despite adjusting for indirect measures of tumor aggressiveness and tumor load (size, number, and vascular invasion), the benefit from RFA may be a product of residual confounding resulting from patients treated with RFA having less severe disease prior to treatment.
Studies have shown that response to locoregional treatment is an important factor for prognosis [7, 24] . Thus, as proposed by Mazzaferro [8] , future selection criteria may be based on response to locoregional treatments. In other words, all patients with HCC on a waiting list for Ltx should be treated with locoregional treatments followed by a suitable observation period regardless of tumor size and number. Transplant priority should be given to patients based not only on conventional criteria, but also on the response to locoregional treatment [8] . The results of the present paper support this notion.
In conclusion, we show that locoregional treatments with RFA were beneficial for both overall and HCC-specific survival. After adjusting for variables related to tumor aggressiveness, treatment with RFA was still highly effective. These results may represent a selection of patients with favorable tumor biology who responded to locoregional treatments and subsequently received Ltx; however, intention-to-treat studies suggest an effect of locoregional treatments per se. Thus, induction of the immune system by locoregional treatments, rather than, or in addition to, patient selection, may explain these observations. 
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